Introduction
============

Propofol (2,6-diisopropylphenol) is a widely used intravenous anesthetic agent that has been found to prevent myocardial ischemia--reperfusion injury in isolated heart models.[@R1]^-^[@R3] Propofol was used to attenuate cardiac injury in a porcine model of cardiopulmonary bypass and in low risk patients undergoing cardiac surgery.[@R4]^,^[@R5] The mechanism of cardioprotection is unclear. Initially this cardioprotection was attributed to antioxidant scavenging.[@R6] However, propofol has also been shown to inhibit mitochondrial permeability transition pore opening to confer cytoprotection.[@R7] Studies in models of simulated ischemia--reperfusion suggest drug-induced prosurvival signal transduction may play a role.[@R8]^,^[@R9]

Phosphoinositide 3-kinase (PI3K)/AKT signaling pathway is one of the key cellular prosurvival pathways central to conditioning and prevention of ischemia--reperfusion injury.[@R10] Phosphorylation and activation of AKT at both serine 473 (ser473) and threonine 308 (thr308) residues induces the activation of AKT's putative downstream effectors, such as endothelial nitric oxide synthase, glycogen synthase kinase 3 β, and anti-apoptotic B cell lymphoma (Bcl)-2, to prevent mitochondrial-directed cell death. We previously reported that propofol induced AKT phosphorylation and Bcl-2 gene expression, and protected cardiac H9c2 cells from apoptotic injury in response to oxidative stress.[@R11] Although AKT inhibition by wortmannin in propofol-treated cells decreased Bcl-2 protein expression and increased cell death, wortmannin treatment had no effects on propofol-induced Bcl-2 gene expression. This suggests that propofol may modulate Bcl-2 gene expression through an AKT-independent pathway.

The survivor activating factor enhancement (SAFE) signaling pathway acts independently of the activation of AKT to prevent cardiomyocyte injury and death.[@R12] Pathway activation involves phosphorylation and activation of the signal transducer and activator of transcription (STAT) 3 transcription factor at tyrosine 705 (tyr705) or serine 727 (ser727) residue by activated Janus kinase (JAK) 2. Phosphorylated STAT3 undergoes dimerization and subsequent translocation into the nucleus, where it stimulates the transcription of target genes, including anti-apoptotic B-cell lymphoma-extra large and Bcl-2.[@R13]^,^[@R14]

Nuclear factor κ-light-chain-enhancer of activated B cells (NFκB) is another transcription factor involved in cardioprotection. Although it is activated in the presence of inflammatory stimuli such as tumor necrosis factor α (TNFα) to transcribe pro-inflammatory genes, it has also been shown to increase transcription of cell survival genes, including Bcl-2.[@R15] Inhibition of STAT3 has been shown to reverse the inactivation of the p65 subunit of NFκB.[@R16] NFκB functionally could ensure STAT3 nuclear retention or prevent sustained STAT3 activation to enhance cell survival. The PI3K/AKT and JAK2/STAT3 pathways may act alone or in concert to protect ischemic and reperfused myocardium.[@R12] Experimentally, crosstalk between these two pathways has been demonstrated in models of pharmacologic or ischemic preconditioning.[@R17]^,^[@R18]

It has yet to be determined if propofol-mediated signal transduction is drug induced or reflects an epiphenomenon associated with a generalized cellular defense against stress and injury. Of interest, Wickley et al.[@R19] found that propofol activated protein kinase C (PKC) ζ and increased its nuclear localization in rat ventricular cardiomyocytes. PKCζ is known to increase NFκB activity and may also do so under propofol stimulation. Whether propofol activates the JAK2/STAT3 pathway is unknown. Given our previous findings, the purpose of this study was to determine whether propofol can stimulate JAK2/STAT3 signaling in unstressed cardiac H9c2 cells and if crosstalk with the PI3K/AKT pathway can be identified. Based on their functional significance, the cellular response of NFκB and STAT3 was also evaluated in our model.

Results
=======

Propofol induced STAT3 phosphorylation in H9c2 cells
----------------------------------------------------

We previously reported that propofol reduced TNFα-induced apoptosis in a dose-dependent manner in cultured human umbilical vein endothelial cells.[@R20] To determine if the effect of propofol on STAT3 phosphorylation is also dose-dependent, we initially treated H9c2 cells over a concentration range of propofol (10 to 100 μM) for 10 or 30 min.

As shown in [Figure 1A](#F1){ref-type="fig"}, propofol treatment for 10 min or 30 min resulted in an increase in phospho-STAT3 expression. Sustained phosphorylation of STAT3 was seen with propofol treatment at doses from 25 to 75 µM. Based on these results and similar procedures described in scientific literature,[@R11]^,^[@R20] we chose 50 μM of propofol for use in our subsequent experiments. This concentration also represents the average blood propofol concentration during human cardiac surgery in our clinical project.[@R21]

![**Figure 1.** Propofol induced STAT3 phosphorylation in H9c2 cells. (**A**) Cells were treated with different concentrations of propofol for 10 min and 30 min. Cell lysates were harvested and western blots were performed to examine STAT3 phosphorylation. Propofol treatment at 10 µM and 100 µM resulted in an increase in phospho-STAT3 expression. Sustained phosphorylation of STAT3 was seen with propofol treatment at doses from 25 to 75 µM. (**B**) Cells were treated with propofol (50 µM) for various times (from 10 min up to 6 h). STAT3 phosphorylation at tyr705 and ser727 residues was detected by western blot analysis; Propofol significantly increased phosphorylation at tyr705 at 10 min, 30 min, and 6 h. Propofol also significantly increased phosphorylation at ser727 at 10 min and 30 min but not 6 h. (**C**) STAT3 nuclear translocation was detected by immunofluorescence staining. Nuclear translocation of STAT3 (green) was observed at 4 h after propofol stimulation. STAT3 localization in the nucleus was highly specific as seen by the formation of punctate dots (yellow arrows). \**P* \< 0.05 vs. DMSO control.](jkst-3-e29554-g1){#F1}

Propofol-mediated STAT3 phosphorylation was time-dependent in H9c2 cells
------------------------------------------------------------------------

To determine whether the effect of propofol on STAT3 phosphorylation is time-dependent, serum-starved H9c2 cells were stimulated with 50 µM of propofol for various times starting from 10 min up to 6 h. STAT3 phosphorylation and nuclear translocation were detected through western blotting and immunofluorochemistry, respectively.

As shown in [Figure 1B](#F1){ref-type="fig"}, propofol significantly increased STAT3 phosphorylation at tyr705 at 10 min, 30 min, and 6 h relative to control. Propofol also significantly increased STAT3 phosphorylation at ser727 at 10 min and 30 min but not 6 h. Nuclear translocation of STAT3 (green) was observed by immunofluorescence staining at 4 h after propofol stimulation ([Fig. 1C](#F1){ref-type="fig"}). STAT3 localization in the nucleus was highly specific as seen by the formation of punctate dots (yellow arrows).

Based on these observations, as well as our previous findings, where propofol significantly increased phosphorylation of AKT at 30 min,[@R11] we standardized a propofol stimulation time period of 30 min for further pathway inhibition experiments.

Inhibition of PI3K/AKT signaling decreased propofol-induced STAT3 phosphorylation
---------------------------------------------------------------------------------

To distinguish crosstalk between JAK2/STAT3 and PI3K/AKT pathways under propofol stimulation, we first determined STAT3 phosphorylation in the presence of PI3K/AKT inhibitors (wortmannin and API-2). As shown in [Figure 2A and B](#F2){ref-type="fig"}, STAT3 was not phosphorylated at neither ser727 nor tyr705 residues in propofol-stimulated cells in the presence of wortmannin or API-2. No significant changes were observed in protein expression of total STAT3 in all groups.

![**Figure 2.** Effects of PI3K/AKT or JAK2/STAT3 signaling inhibition on propofol-induced STAT3 and AKT phosphorylation. Cells were pre-incubated with different inhibitors for 30 min, and then treated with propofol for another 30 min. Cell lysates were collected and AKT and STAT3 phosphorylation was detected. (**A**) Pretreatment with wortmannin (Wort) or API-2 reduced STAT3 phosphorylation at tyr705. (**B**) Wortmannin or API-2 pretreatment reduced propofol-induced STAT3 phosphorylation at ser727. (**C and D**) Pretreatment with AG490 or stattic inhibited propofol-induced AKT phosphorylation at ser473 and thr308. No changes in protein expression were observed with total STAT3 and total AKT in all groups (**A--D**).](jkst-3-e29554-g2){#F2}

Inhibition of JAK2/STAT3 signaling decreased propofol-induced AKT phosphorylation
---------------------------------------------------------------------------------

We then determined AKT phosphorylation in the presence of JAK2/STAT3 signaling inhibitors. AG490 (selective JAK2 inhibitor) and stattic (selective STAT3 inhibitor) were used in this study. As shown in [Figure 2C and D](#F2){ref-type="fig"}, inhibition of JAK2/STAT3 signaling by either AG490 or stattic abolished propofol-induced AKT phosphorylation at both ser473 and thr308. No significant changes were observed in protein levels of total AKT in all groups.

Propofol increases IκBα degradation
-----------------------------------

Time-course treatment of serum-starved cells with propofol showed significant increase in IκBα degradation at 2 h ([Fig. 3](#F3){ref-type="fig"}). Propofol-mediated IκBα degradation at 2 h was comparable to the positive control for IκBα degradation, TNFα.

![**Figure 3.** Propofol increases IκBα degradation. Serum-starved H9c2 cells were treated with 50 µM propofol for 10 min, 30 min, 1 h, and 2 h. DMSO was used as a vehicle control. TNFα at 50 ng/mL for 30 min was used as a positive control. Representative western blot and densitometric analysis of IκBα bands are displayed. Results are shown normalized to control (DMSO vehicle). \**P* \< 0.05 vs. DMSO control.](jkst-3-e29554-g3){#F3}

STAT3 knockdown increases NFκB (p65)
------------------------------------

To further investigate the inhibitory effect of STAT3 inhibition we used siRNA to knockdown STAT3 in H9c2 cells. No statistical analysis was done on the degree of siRNA mediated knockdown. Experiments with t-STAT3 knockdown of greater than 70% were considered for further analysis.

As seen in [Figure 4A](#F4){ref-type="fig"}, STAT3 knockdown increased p65 levels. Although, these levels were significantly higher in H9c2 cells treated with EGF, there is a general trend toward higher p65 levels in cells with STAT3 knockdown.

![**Figure 4.** STAT3 knockdown or inhibition increases p65 subunit of NFκB. (**A**) After 48 h serum-starved H9c2 cells were transfected with 33 nM control Scramble siRNA (siSCR) or 33 nM of STAT3 siRNA (siSTAT3) overnight. Cells were then stimulated with DMSO (D), propofol (P), or EGF (E) for 1.5 h to induce p65; (**B**) 48 h serum-starved H9c2 cells were treated with stattic or DMSO for 30 min and then treated with DMSO or propofol or EGF for 1.5 h. Densitometric analysis for p65/β-actin; \**P* \< 0.05 vs. siSCR E and DMSO, respectively. (**C**) Propofol mediated IκBα degradation did not increase nuclear translocation of p65 at up-to 4 h of propofol exposure. However, there was increased peri-nuclear staining of p65 (yellow arrows in \[**D**\]) relative to DMSO control.](jkst-3-e29554-g4){#F4}

STAT3 activity inhibition increases NFκB (p65)
----------------------------------------------

Knockdown of STAT3 should reduce overall STAT3 activity in the cell similar to STAT3 inhibition by stattic. To check if stattic inhibition of STAT3 activity also resulted in increased p65 protein levels, cells were inhibited with stattic or DMSO control and then stimulated with vehicle control DMSO or propofol or EGF. This experimental set-up was similar as that in [Figure 4A](#F4){ref-type="fig"}.

STAT3 activity inhibition by stattic did not increase p65 levels within the individual groups (data not shown). However there was a significant increase when data from the three groups (DMSO, propofol, and EGF) was pooled together and DMSO was compared with stattic only ([Fig. 4B](#F4){ref-type="fig"}).

Propofol does not increase NFκB (p65) nuclear translocation
-----------------------------------------------------------

To assess NFκB (p65) nuclear translocation, serum starved H9c2 cells were treated with 50 μM propofol for 10 min, 30 min, 1 h, 2 h, and 4 h and stained for p65 and DAPI, a nuclear specific dye. As seen in [Figure 4C](#F4){ref-type="fig"}, relative to DMSO control propofol-mediated IκBα degradation did not increase nuclear translocation of p65 at up to 4 h of propofol exposure. However, there was increased peri-nuclear staining of p65 (yellow arrows in [Fig. 4D](#F4){ref-type="fig"}) relative to DMSO control.

Discussion
==========

In this study, we demonstrated that propofol induced IκBα degradation, NFκB p65 subunit perinuclear translocation, and STAT3 nuclear translocation. Inhibition or knockdown of STAT3 was associated with increased levels of NFκB p65 subunit. Propofol induced temporally distinct patterns of STAT3-tyr705 and -ser727 activation with persistence of STAT3-tyr705 phosphorylation. Reciprocal changes in PI3K/AKT or JAK2/STAT3 activation occurred when the opposite pathway was inhibited, indicative of propofol-mediated crosstalk.

Major efforts have focused on increasing the myocardial tolerance to ischemia by conditioning the heart, through physical or pharmacologic means. Conditioning in general involves diverse cell signaling mechanisms. It appears to be predicated on the direct and/or indirect activation of several key cellular prosurvival pathways, including the PI3K/AKT and JAK2/STAT3 pathways.

We previously demonstrated that propofol activated the PI3K/AKT signaling pathway in a time-dependent manner to avert apoptotic cell death from oxidative stress.[@R11] We determined that propofol upregulates Bcl-2 gene and protein expression in an AKT-dependent and -independent manner, to enhance cell viability. Propofol has been shown to activate atypical PKCξ in cardiomyoctyes to induce NFκB activity.[@R19] NFκB and its p65 subunit inhibit the major negative regulator of the PI3K/AKT pathway, phosphatase, and tensin homolog on chromosome 10 (PTEN).[@R22] We have now determined that propofol induces degradation of IκBα and stimulates the perinuclear translocation of p65, a critical factor in NFκB-mediated gene transcription.

Both the NFκB and STAT3 pathways trigger gene expression responsible for cell proliferation and survival. Time course differences in the nuclear translocation of p65 and STAT3 in response to propofol, combined with the results of our STAT3 inhibitor or knockdown studies may be indicative of distinct roles for NFκB either in the preservation of nuclear levels of STAT3, or the prevention of sustained STAT3 activation in our model.[@R16]^,^[@R23] Whether propofol stimulates the NFκB and STAT3 pathways to act in synergism or antagonize each other's function remains unknown and requires clarification.

Propofol induces STAT3 nuclear translocation and temporal differences in the activation of STAT3-tyr705 and STAT3-ser727 residues in our model. Phosphorylation of STAT3 at tyr705 promotes STAT3 dimerization, nuclear translocation, and transcriptional activation of target genes.[@R12] Phosphorylation at tyr705 has been shown to reduce the rate of nuclear export and increase the nuclear content of STAT3.[@R24] Cell survival is enhanced by increasing transcription of anti-apoptotic proteins such as Bcl-2.[@R25] Therefore, propofol-mediated tyr705-STAT3 phosphorylation may increase cellular anti-apoptotic potential. Independent of tyr705 phosphorylation, phosphorylation at ser727 increases STAT3 mitochondrial localization for transcriptional activity, participation in the electron transport chain, and preservation of myocardial energetics.[@R23]^,^[@R26]

The STAT protein family is unique given their capacity to transmit their signal from the plasma membrane to the nucleus without involving a second messenger system.[@R27] Signal transduction is rapid, but not a simple process of diffusion. Recent research indicates that nuclear translocation and transcriptional activation of STAT3 depend on endosomes or signalosomes that traffic the prosurvival stimulus from plasma membrane to the nucleus.[@R28] Taken together, our results indicate that propofol-mediated STAT3 activation may not be restricted to canonical activation at the level of the cell membrane. Persistence of STAT3-tyr705 activation could reflect delayed receptor internalization to prevent further STAT3-ser727 activation. Alternatively, it may be linked to PI3K-AKT pathway signaling that may assemble due to the process known as crosstalk.

Lecour and colleagues have demonstrated the interrelationships between the PI3K/AKT and JAK/STAT3 pathways and their convergence at the level of the mitochondria to prevent ischemia--reperfusion injury in the murine heart.[@R29] Dual protective signaling is mediated, in part, by high density lipoprotein/sphingosine-1-phosphate. Of interest, adenosine and classical ischemic preconditioning have been shown to induce crosstalk.[@R30]^,^[@R31] Our results are in accordance with those of Tu et al. who showed that expression of a dominant-negative AKT or inhibition of PI3K with LY294002 decreased STAT3 phosphorylation at both tyr705 and ser727 residues in response to oncostatin M, a cytokine of the STAT3 activating interleukin-6 family.[@R32] Whether propofol activates STAT3 as a single event at level of plasma membrane or via receptor internalization that links with prosurvival PI3K-AKT signaling is the subject of ongoing investigation by our laboratory.

In conclusion, we report for the first time that propofol induces NFκB and STAT3 nuclear translocation. Propofol activates STAT3-tyr705 and STAT3-ser727 in a temporally distinct manner. Persistent STAT3-tyr705 activation suggests that drug action is not restricted to the plasma membrane but could involve receptor internalization critical in signal attenuation and/or crosstalk between the PI3K/AKT and JAK2/STAT3 pathways. Confirmatory studies in STAT3 knockout models of ischemia--reperfusion injury are required to validate these results, and to determine the functional significance of this cellular adaptation in cardioprotection.

Materials and Methods
=====================

Materials
---------

Cell culture reagents, Alexa Fluor-568 goat anti-rabbit antibody, and 4,6-diamino-2-phenylindole (DAPI) were purchased from Life Technologies. Rabbit or mouse antibodies against STAT3, phospho-STAT3 (tyr705 and ser727), AKT, phospho-AKT (ser473 and thr308), p65 unit of NFκB, inhibitor of NFκB α (IκBα), β-actin, and horseradish peroxidase (HRP)-conjugated secondary antibodies were from Cell Signaling Technology. AG490 (selective JAK2 inhibitor) was purchased from Cayman Chemical. Stattic (selective STAT3 inhibitor) and API-2 (highly specific AKT inhibitor) were obtained from Tocris Bioscience. Wortmannin (selective PI3K inhibitor) and dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich. Fluoromount-G was purchased from Southern Biotech. Endothelial growth factor (EGF) was purchased from Sigma Aldrich and was diluted to a working concentration of 200 ng/mL. TNFα was purchased from Invitrogen/Gibco and was diluted to a working concentration of 50 ng/mL. Propofol was purchased from Sigma Aldrich and dissolved in DMSO before application to cultured cells.

Cell culture
------------

Cardiac H9c2 cells (CRL-1730) were obtained from the American Type Culture Collection. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 100 units/mL penicillin, and 100 mg/mL streptomycin. The cells were maintained in a humidified incubator containing 95% air and 5% CO~2~ at 37^◦^C. The medium was changed every 2 to 3 d until the cells reached confluence.

Experimental protocol
---------------------

Before experimental intervention, cells were serum-starved for 48 h in DMEM supplemented with 0.5% FBS. The starved cells were then treated with propofol or with the same amount of vehicle (DMSO) for the times indicated in the figure legends. For pathway inhibition experiments, cells were pre-incubated with different inhibitors for 30 min, and then treated with propofol. The applied concentrations of inhibitors: AG490 (100 µM), stattic (20 µM), wortmannin (500 nM), and API-2 (10 µM) were determined from pilot studies by our group and based on similar methods described in the scientific literature.[@R11]^,^[@R30]^,^[@R31]^,^[@R33]

siRNA Transfection
------------------

H9c2 cells were plated in 0.5% FBS DMEM for 48 h followed by overnight incubation with 33nM small interfering RNA (siRNA). Media was changed the next day and experiments were performed. Scrambled siRNA, 5′-CUUCCUCUCU UUCUCUCCCU UGUGA-3′, was used as a control. The sequence for STAT3 siRNA was 5′-ACAUAGAAGC UAGGACUA-3′ (Integrated DNA technologies). Lipofectamine 2000-mediated transfection was performed as per merchant's instructions (Invitrogen).

Western blotting
----------------

Upon completion of the experiment, cells were harvested using radioimmunoprecipitation assay (RIPA) lysis buffer containing 20 mM TRIS-HCl (pH 7.4), 150 mM NaCl, 1% Nonider P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 0.004% sodium azide, 1% phenylmethylsulfonyl fluoride (PMSF), 1% sodium orthovanadate, and 1% protease inhibitor cocktail.[@R11] The protein concentration was measured by Bradford protein assay. Protein samples separated by 10% SDS-PAGE (PAGE) gels were transferred to nitrocellulose membrane and processed further for western blotting as described previously.[@R11] The protein expression levels were determined by analyzing the signals captured on the nitrocellulose membranes using a FluorChem^®^ image analyzer (ProteinSimple).

Immunofluorescence assays
-------------------------

H9c2 cells were plated on glass coverslips coated with poly-[d]{.smallcaps}-lysine in a 24-well plate. Following treatment, cells fixed in 4% paraformaldehyde were permeabilized with 0.2% Triton X-100 and then blocked in 5% normal goat serum. Primary antibody was added and incubated with permeabilized cells overnight at 4 °C. Then Alexa Fluor-568 goat-anti rabbit antibody was added and incubated at room temperature for 1 h. After incubation with DAPI for 5 min, coverslips containing stained cells were adhered to glass slides using Fluoromount-G and immunofluorescence was detected using an Olympus fluorescence microscope. Images were captured using the Q capture Pro 6.0 software.

Statistical analysis
--------------------

GraphPad Prism was used for statistical analysis. One-way ANOVA with Tukey test was used to evaluate significance between more than two groups. The Student *t* test was used to evaluate significance between two groups. A *P* value of \< 0.05 was seen as statistically significant. Data are presented as mean ± standard deviation (SD).
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